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1 Introduction

The developmentof quantummechanics(QM) (the Schr̈odingerEquation,
��������

), placedatheoreticalfoundationundertheexperimentalscienceof chemistry. One
couldargue(asdid Diracin afamousquote)thatunderstandingchemistryis justamat-
ter of solving theseequations.In fact, this is not correct.Doing chemistryrequiresa
qualitative understandingof how a reactionwould changeif thesolvent,temperature,
or pressureis changedor if the concentrationsor ingredientsarechanged.Assum-
ing thatwe couldactuallysolve theSchr̈odingerEquationfor any specifiedconditions
wouldnotnecessarilyprovideany understandingof thechemistry. Werequireconcepts
basedon QM, but which allow us to make comparisons: atoms to molecules, ground
to excited states, reactants to products, etc.

Theorbital descriptionof atomsandmoleculesis probablythemostpowerful uni-
fying conceptto providesuchunderstanding.At thefoundationis theAufbauprinciple
for atomsservesasa semi-universalorderingof hydrogen-like orbitals that explains
theperiodicchangesin thegroundstatecharacterof theatomsandtheirexcitedstates.
Similarly, ourmostpowerful conceptsof molecularstructuresandpropertiesarebased
on combiningtheseatomicorbitalsin waysappropriatefor molecules.Therearetwo
majorparadigmsfor doingthis:

1. Molecular Orbital (MO) Theory. In MO theory one startswith a molecular
framework andconsiderscombinationsof the atomicorbitalsoptimumfor the
molecule.Theseone-electronorbitalsareorderedby energy, andthe electrons
areusedto populatethelowestones(retainingthePauli principle—nomorethan
2 electronsper orbital). This approachis particularlyuseful for predictingex-
citedstatesandis quitepopularin spectroscopy. Also it is the framework used
in rigorousQM calculationsthatgo by suchnamesasHartree-Fock (HF), Self-
ConsistentField (SCF),DensityFunctionalTheory(DFT). Thusto describeN � ,
we would take the 5 occupiedatomicorbitals (denoted1� , 2� , 2	�
 , 2	� , and
2	� ) of eachN atomandform 10 molecularorbitals(denoted������� , ������ , etc)
andoccupy the lowest7 with 2 electronseach(onewith up-spinandonewith
down-spin).
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2. ValenceBond(VB) Theory. In VB theoryonestartswith the occupiedatomic
orbitalsof the atomsandconstructsa many-electronwave function to describe
bondingdirectly in termsof theseatomicorbitals.Thismaysoundsimilarto MO
but thedifferenceswill becometransparentbelow. VB theoryis mostusefulfor
describingreactionsandbonddissociations.This is becausethemany-electron
statesof the atomsare built into VB. However, VB is computationallymuch
morecomplicatedthanMO andit is muchlessobvioushow to describeexcited
statesin termsof VB. Importantchemicalconceptssuchasresonancearebased
on VB concepts.

In this chapterwe will illustratetheuseof VB andMO conceptsfor thesimplest
molecules(H � , He� ) andthenapplytheseideasto two simpleproblemsthatdetailhow
to usethem.

2 Bonding in H
��

We first considerthe smallestpossiblemolecule,H �� , consistingof oneelectronand
two protonsthat areseparatedby a distance� . This systemis sketchedin Figure1,
wherethetwo protonsaredenotedas � and � . Themostimportantquestionis whether
thissystemformsa bond(i.e. is thelowestenergy for a finite valueof � ).

Figure1: Coordinatesystemfor H ��

2.1 Description Based Upon Linear Combination of Atomic Or-
bitals

Considerfirst the casewith � ���
. With the two protonsinfinitely far apart,the

groundstateis obtainedby placingtheelectronin the ��� orbital of oneor theotherof
thetwo protons.This leadsto thetwo states,

��� � and
� � � , whicharedescribedby

thewave functions,  "! �$#&%('*),+.- �0/21 (1)

and  43 �5#&%('*),+.- �0671 (2)

respectively, where
 !

and
 3

denotehydrogen ��� orbitals centeredon the left and
right protons.

#
is a normalizationfactor– a scalarfactorincludedto guaranteethat

thewave functioncontainsonly oneelectron.
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For finite � , theexactwave functionsno longerhave theatomicform, but useful
approximatewavefunctionsareobtainedby combiningtheatomicorbitalsto form the
wave function 8 �$9 !  ! � 9 3  3;:

(3)

This simplewave functionis oftenreferredto aslinearcombinationof atomicorbitals
(LCAO).Theoptimumlinearcombinationof atomicorbitalswavefunctionis thesym-
metriccombination, 8 � �  ! �  3 (4)

wherefor simplicity we now ignorethe normalizationfactor. The othercombination
of theorbitalsis theantisymmetriccombination,8 � �  "! -  <3 (5)

whereagainwe ignorenormalization.
The = and > labelsdenotethesymmetryof thewavefunctionswith respectto inver-

sion,andstandfor theGermanwordsgerade (even)andungerade (uneven).Although
symmetryargumentscanbevery powerful, we eschew themhere,andthereadermay
assumethattheselabelsrepresentgood andungood.

Figure2: Bondingof the = and > statesfor H ��
Theenergiesfor thewavefunctions

8 � and
8 � in equations(4)and(5) areshownas

afunctionof � in Figure2. Hereweseethatthe = stateis stronglybonding(theenergy
dropsasthenuclei arebroughttogether),whereasthe > stateis stronglyantibonding
(theenergy increasesasthenucleiarebroughttogether).Thusstartingwith two atoms
at � � �

Å(4 bohr), the = statewould experienceforcespushingit toward smaller� , whereasthe > statewould hava a force pushingthe atomsapartto � �?�
. The
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objective of this sectionis to understandboth the the
8 � and

8 � statesbondingand
antibondingcharacter.

2.2 Contragradience and the Origin of Chemical Bonding

Figure3: Kinetic, @ , andPotential, A , energiesof the bonding = andantibonding>
orbitalsfor H �� . Note that even though A � is unstable,the @ � effect compensatesto
createabondingstate.

Startingwith theatomicorbitalsandcombiningthemto form MO’s we find that =
is bondingand > is antibonding.Now we want to understandwhatphysicsunderlies
thebondingandantibondingcharacter. Onecommonideais thatthe = coherentsuper-
positionof atomicorbitalscausesthe electrondensityto increasein the bondregion
andthat this increasedchargeattractsthetwo positive nuclei, leadingto stabilization.
The resultingchangein the electrostaticenergy (denotedA � ) is shown in Figure 3,
wherewe seethat it increases astheatomsarebroughttogether. Theproblemis that
theincreasein thedensityin thebondregioncomesat theexpenseof adecrease in the
nuclearregion. As indicatedin Figure4 thepotentialis mostnegativenearthenucleus
sothattheincreaseof thedensityin thebondregion is antibondingin nature.

Theonly energy termin additionto electrostaticsis kinetic energy. In QM, kinetic
energy(denotedas @ ) hasadramaticallydifferentform thanthatof classicalmechanics
(CM).

@CB4D � 	 ��FEHG (6)

@JI D �LK +NMPO 1 �RQ�FE G (7)
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Figure4: Potentialenergy for H �� . The potentialis -
�

at the nuclei � and � , andis
negativeandfinite at themidpoint.

where
MPO

is thegradient(derivative)of thewave function. Thusin CM thelowest @
is for 	 �TS

(electronstandingstill) while in QM it is lowestfor a very smoothwave
function(

MPOU�$S
).

Indeed,asis clearfrom Figure5, addingthe two atomicorbitalsto get = dramat-
ically decreasesthe gradientin the bond region; for > the subtractiondramatically
increasesthe gradient. Thesechangesin @ aremuch larger than the changesin A .
Theresultis thatbondingis dominatedby thedecreasein thekinetic energy resulting
from the symmetriccombinationof atomicorbitals. The amountof the bondingde-
pendson how muchthe gradientdecreases.Thus,for the bestbonding,we want the
casein which bothatomicorbitalshave largegradientsin oppositedirectionsso that
addingthemleadsto a big decreasein gradient. From Figure3, we seethat @ � has
a minimum at 1Å. The reasonis madeclear in Figure6. For large distances,the or-
bitalsin thebondmidpointregionhavesmallslopesandhencedo not changemuchin
forming

8 � . For � nearzero,theatomicorbitalshave largegradientsbut thedecrease
is only for the very small region betweenthe atoms,which is too small to be signifi-
cant. Thus,the optimumbondingis createdat a distancewhereboth atomicorbitals
aresignificantat thebondmidpoint.This is approximatelythesumof theatomicradii
(
�WV S :YX[Z ˚

\ � � : SF] ˚
\

).

2.3 The Nodal Theorem

We saw in Section2.2 that kinetic energy dominatesbondingin
� � � . An analysis

of kinetic energy allows usto make somegeneralpredictionsabouttheshapeof wave
functions.

Considera onedimensionalpotential A +_^ 1 andconsiderthe setof all eigenfunc-
tions(all solutionsof theSchr̈odingerEquation)�a`�bc�5��`*b

(8)

We canshow quitegenerallythat,exceptfor very diabolical A +_^ 1 , thegroundstateis
nodeless.It alwayspositive exceptat theboundaries,whereit goesto zero.A simple
exampleis seenwith

� �� wherewe found two orbitals = and > . The nodal theorem

5



Figure5: Bonding = orbital reducestheelectrondensityat thenuclei.

Figure6: Overlapof 1� orbitalsat bonding(a) andtoo-close(b) distances;overlapof
2	 orbitalsatbonding(c) andtoo-close(d) distances.Notethatin bothof thetoo-close
examples,thecontragradientregion extendsovera smallerregion of spacethanin the
bondingexamples,leadingto lessstabilization.
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tellsusthattheloweststateis = -like—nodeless.Wewill usethisbelow to work out the
bondingin

� � .
3 Bonding in H �
Now thatwe understandthefundamentalof bondingin H �� , we move our attentionto
H � .
3.1 The Valence Bond Description of H d
In theVB descriptionof amolecule,westartwith thefull wavefunctionfor eachatom
at � �&� andcombinethewave functionsto form thewave functionof themolecule,
andthenbring the atomstogetherto obtainoptimalbonding. For H � at � �e�

this
consistsof two hydrogenatomsinfinitely far apart,say electron1 on the left, and
electron2 on theright. Thewave functionfor thisconfigurationis

O / +gf;h G f ��1 �  "! +_f[h 1  43 +_f ��1 : (9)

This wave function
O / saysthat theprobabilityof electron1 beingat a particular

position is independentof whereelectron2 is, andvice versa. Sincethe atomsare
infinitely farapart,theelectronsshouldnot beinfluencedby eachother.

Thereis a secondwave function that is just asgood,or asbad,asequation(37),
namely, O 6 +_f;h G f ��1 �  43 +_f[h 1  ,! +_f ��1 G (10)

wherethe electronshave beeninterchanged.This wave function
O 6 is differentfromO / sinceelectron1 is now on theoppositesideof theuniverse.However, theenergies

of
O 6 and

O / mustbethesame,sinceelectrons1 and2 havethesameproperties(they
areindistinguishableparticles).

We will find it usefulto combine
O / and

O 6 into two new wave functions,

Oji<k� + � G � 1 �lO / + � G � 1 � O 6 + � G � 1 �  ,! + ��1  43 + � 1 �  <3 + ��1  "! + � 1 (11)

Oji<k� + � G � 1 �lO / + � G � 1 -mO 6 + � G � 1 �  ! + ��1  3 + � 1 -  3 + ��1  ! + � 1 (12)

without normalization,becauseat finite � thesearetheoptimumwave functions.Be-
fore examining the energies,we needto understandhow to think aboutthe relative
locationsof theelectronsin thesewave functions.

In Figure7, we plot the four wave functions,
O / , O 6 , O i<k� , and

O i<k� . We see
that

O i<k� hasa nodalplane,correspondingto n ho� n�� , whereas
O � doesnot. Indeed,

alongthe line betweenthe two peaksin Figure7(c), we seethat the gradientof theO i,k� wave functionis smallerthanthatof
O / or

O 6 , whereasthegradientof the
O i,k�

wave function is larger. This decreasein thegradientof
O i"k� , andincreasefor

O i"k� ,
is inverselyrelatedto � . Thus,basedon kinetic energy, we would expectthat

O i,k�
is bondingand

O i<k� is antibonding,andindeedthis is thecase,asshown in Figure8.
Here,theenergies

� � and
� � for thevalencebondwave functionsof H � areshown.
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Figure7: (a)
O / + � G � 1 �  ! + ��1  3 + � 1 ; (b)

O 6 + � G � 1 �  3 + ��1  ! + � 1 ; (c)
O � �&O / � O 6 � !  3 �  3  !

; (d)
O � �lO / � O 6 �  !  3 -  3  !
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Figure8: Energiesof the = and > statesof VB wave function.

3.2 The Molecular Orbital Description of H d
The simplestwave function for H � is to startwith an electronin the bestmolecular
orbital of H �� , and to placea secondelectronin this

8 � orbital. This leadsto the
molecularorbital,MO, wave functionfor H � ,

O Dqp�r� +sf h G f � 1 � 8 � +_f h 1 8 � +_f � 1 : (13)

First we will examinethemeaningof thewave function(13). Thetotal probability
for electron1 to be at someposition

f;h
, while electron2 is simultaneouslyat some

position
f � is

tP+_f h G f � 1 �vu O Dqp +_f h G f � 1 u � �wu 8 � +sf h 1 u � u 8 � +sf � 1 u � �xt � +sf h 1 t � +_f � 1 : (14)

This is just theproductof theindependent,probabilitiesfor electron1 to beatpositionf;h
, andelectron2 to beat position

f � . Thus,theprobabilitydistribution for electron1
is independentof electron2. Considertheanalogouscaseof a reddie,electron1, and
a greendie, electron2. Theprobabilityof rolling a red3 is 1/6 andtheprobabilityof
rolling agreen5 is 1/6sothatthetotalprobabilityof gettingbotha red3 andagreen5
is 1/6

V
1/6 equalto 1/36. Thediceareindependentsothattheprobabilitiesmultiply.

Summarizing,a productwave function,asin equation(13), implies that theelectrons
moveindependentlyof eachother, i.e. thereis no correlationof theirmotions.

In additionto usingthe
8 � molecularorbital, we mayconstructwave functionsof

H � usingthe
8 � molecularorbital, leadingto wave functionsof theform

O D�p�y� + � G � 1 � 8 � + ��1 8 � + � 1 G (15)
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O D�p�r� + � G � 1 � 8 � + ��1 8 � + � 1 G (16)

and O Dqp��� + � G � 1 � 8 � + ��1 8 � + � 1 G (17)

Sincethe
8 � orbital is antibonding,the above wave functionsfor H � lead to much

higherenergiesthanequation(13), exceptat large � ; we expectanenergy level dia-
gramasin Figure3.2.

Figure9: Simpleenergy diagramfor molecularorbital wave functionsof H � .
So far we have discussedthe molecularorbital wave function assumingthat the

bondingorbital
8 � is much betterthan the antibondingorbital

8 � . This is true for
shorterinternucleardistance� but doesnot remaintrue asthe bondis stretchedand
broken. In general,molecularorbital wave functionsleadto a goodvaluefor thebond
lengthbut a verypoordescriptionof theprocessesof dissociation.

Theorigin of thisproblemcanbeseenby substitutingtheatomicorbitaldescription
of themolecularorbital (4) into themolecularorbitalwave function(13), leadingto

O Dqp�r� + � G � 1 �  !  ! �  3  3 �  !  3 �  3  ! �&O i"k� � O{z p,|� G (18)

(againignoringnormalization)where

O i"k� �  "!7 <3 �  <3( ,!
(19)

O z p,|� �  "!} ,! �  <3~ 43
(20)

At very large � , theexactwavefunctionwill haveoneelectronneartheleft protonand
oneat theright, asin equation(19), which we will refer to asthecovalentpartof the
wave function. Theothertermsof (18) have bothelectronsnearoneprotonandnone
neartheother, thuscreatinganionic wave function.At � �&� , theseionic termslead
to theenergy of H � andH �� ratherthantheenergy of two hydrogenatoms.Sincethe
molecularorbital wave function musthave equalcovalentand ionic contributions,it
yieldsunfavorableenergiesfor large � .

Thebasicproblemwith themolecularorbital wave function is thatbothelectrons
arein thesame

8 � orbital,andhence,eachelectronhasanequalprobabilityof beingon
eithercenter, regardlessof theinstantaneouslocationof theotherelectron.In theexact
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wavefunction,themotionsof theelectronstendto becorrelatedsothatif oneelectron
is on theleft, theothertendsto beon theright. This correlationis necessarilyignored
in themolecularorbitalwavefunction,andtheresultingerroris oftenreferredto asthe
correlationerror. For small � , thetwo centersarecloseto eachother, andthis neglect
of correlationis not particularly important. At � �L�

, however, the correlationof
electronsis of paramountimportanceandneglect of correlationleadsto ludicrously
poorwave functions.

In thenext section,wewill discussa simplewave function,thevalencebondwave
function,thateliminatesthis problemof describinglarge � .

3.3 Comparison of VB and MO Wave Functions

Figure10: Energiesof MO andVB wave functions.

Themolecularorbitalwave functionis, ignoringnormalization

O Dqp�r� + � G � 1 � 8 � + ��1 8 � + � 1 �w�  "!} 43 �  43( ,!.� � �  ,!} ,! �  43( <3(� G (21)

whereasthevalencebondwave functionis

O i<k� + � G � 1 �w�  !  3 �  3  ! � : (22)

Theenergiesfor thesewavefunctionsarecomparedin Figure10,whereweseethatthe
valencebondis alwaysbetter, but that thedifferencebecomesnegligible for small � .
Figure10 illustratestheenergy of themolecularorbital wave function for theground
stateof H � with comparisonto thevalencebondandexactenergies.

Thewave functionsarecomparedin Figure11, showing graphically, how theva-
lencebondwave functionhassmallerprobabilityof having n h � n � , leadingto lower
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Figure11: (a)
O Dqp�~� �l` � + ��1 ` � + � 1 (b)

O i<k� �  ,!. <3 �  43~ "!
.

electronrepulsionenergies.On theotherhand,themolecularorbital wave function is
smoother, leadingto smallerkinetic energies.For normalbonddistances,theelectron
repulsioneffectsdominatesothat thevalencebondwave function is better. However,
for very short � , the kinetic energy becomesdominant,so the molecularorbital and
valencebondwave functionsleadto nearlyidenticaltotalenergies.

Expandingthemolecularorbitaldescriptionof theexcitedstatesin termsof atomic
orbitals,ignoringnormalization,leadsto

O Dqp�~� �w+  ! �  3 1 +  4�~�g� -  3 1 �  !  ! �  3  ! -  !  3 -  3  3 (23)

and O Dqp��� ��+  "! -  <3 1 +  "! �  <3 1 �  ,!} ,! -  43( "! �  "!7 <3 -  <3( <3 : (24)

We mayrewrite theseequationsas

O D�p�r� �&Oji,k� � O z p<|� (25)

O D�p�y� �&O i,k� -�O{z p<|� (26)

(againignoringnormalization)where

Oji"k� �  <3� "! -  "!} 43
(27)

O{z p,|� �  !  ! -  3  3
(28)

Thatis, thefirst excitedstateof themolecularorbitaldescriptionis identicalto thefirst
excitedstatein thevalencebonddescription.Both describea covalentrepulsive state
thatseparatesto two free

�
atoms.

Themolecularorbitaldescriptionof theotherexcitedstateis

O Dqp��� ��+  "! -  <3 1 +  "! -  <3 1 �  ,!} ,! �  43( <3 -  "!7 <3 �  <3� "! : (29)
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Figure12: Thegroundstateof C atom.

Recallingequation(21)weseethatwemaycombinethe =�= and >> MO wavefunctions
to form theVB descriptionof thebond:

Oji<k� �lO Dqp�r� -���O Dqp��� (30)

where
�

is a scalarfactor, andwe againignorenormalization.Thus,we canfix up the
molecularorbitalwavefunctionsothatit behaveslikethevalencebondwavefunction,
by mixing togetherthe

O Dqp�r� and
O Dqp��� wave functions.

4 Bonding Hydrogen to Carbon

Theprinciplesof bonding,discussedin simpleexamplesabove,applyalsoto chemical
bondingin general. In this section,we will apply thesesimple valencebond ideas
aboutchemicalbondingto simplehydrocarbonexamples.

4.1 Ground State of Carbon Atom

The groundstate
+g�yt 1 of carbonhas the electronicconfiguration

+ ����1 � + � ��1 � + � 	C1 � .
Herethe ��� electronsarecore electrons,andstayverycloseto thenucleus,andthusdo
not participatein chemicalbonding.Thus,whenwe considerthechemicalbondingof
C atom,we normallyonly considerthebehavior of theother, valence electrons.

Schematically, we representthewave functionfor C atomin Figure12. Theovals
above andbelow the atomindicatea lobe orbital – the 2� pair of electronsthat have
hybridizedwith the 2	
 orbitals; the line connectingthe lobe orbitals indicatessin-
glet pairingof theelectronsin theorbitals. Thedotswithout linesconnectedto them
indicateelectronsthatarenot spinpaired.

We now considerbindingaH atomto thegroundstateof C.

4.2 Low-Lying States of CH �
Theloweststatesof CH arisefrom bondinganH to eithera carbon	 orbital, forming
the ��� groundstate,asin Figure13,or to a lobeorbital forming the �2� � state,shown
in Figure14.
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Figure13: BondingaH to a C 	 orbital, resultingin the �y� state.

Figure14: Bondinga H to a C lobeorbital, resultingin the �2� � state.

Themajordifferencebetweenthetwo statesis thatin orderto bondto alobeorbital,
thetwo lobeorbitalsmustundothespinpairing;suchrearrangementcostsenergy and
weakenstheoverallbond.Thus,bondingto the 	 orbital, formingthe �y� state,is more
favorable.

Now wetakethe � � stateof CH,andbondanotherH to it to form CH� . Thelowest
statesof CH� areobtainedby bondingan H, eitherto a 	 orbital leadingto a singlet
state(

hr� h
), shown in Figure15,or a lobeorbital, leadingto atriplet state(

�y� h
), shown

in Figure16.
For CH� , the

��� h
stateis favoredby 9 kcal/mol. Interestingly, for SiH� , the

h(� h
is

morefavorable,lying 18 kcal lower thanthetriplet state.ComparingCH� with SiH� ,
thereare two importantfactorsfavoring the

�y�qh
staterelative to the

h(� h
. First, the

bondsof the
h(� h

stateinvolve perpendicular	 orbitals,andhence,will favor small
bondangles,approximately90� . Thebondsin the

� �qh
state,favor largerangles,ap-

proximately128� , vide supra. For first row compounds,theimportanceof bond-bond
repulsions,whicharelargestatsmallbondangles,leadsto asignificantincreasein the
energy of statesinvolving smallbondangles,relative to thosewith largerangles.This
affect increasestheenergy of the

h(� h
staterelative to the

��� h
state.Thesecondfactor

thataccountfor thefavoringof the
�y� h

stateis thatthelobeorbitalsof first row atoms
arecloserin energy to 	 orbitalsthanin atomsin the Si row. The

h(� h
stateinvolves

two bondsto 	 orbitals,while the
�y� h

stateinvolvesone 	 bondandonelobe bond.
Thus,thissecondeffectalsolowerstheenergy of the

� � h
staterelativeto the

h � h
state

for CH� . The net result is that the orderingof the first two statesof CH� is inverted
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Figure15: The
h~� h

stateof CH� .

Figure16: The
� � h

stateof CH� .
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Figure17: Optionsfor bondingto the
��� h

stateof CH� .

Figure18: Two methylene
��� h

moleculesforminga � anda � bondin ethylene.

with respectto theenergiesof SiH� .
Startingwith the

� �Ph
groundstateof CH� therearetwo possibilitiesfor bonding

a third hydrogen,the unpairedlobe orbital or the 	� orbital. Thesetwo optionsare
shown asB andC, respectively, in Figure17.

Again, dueto the importanceof bond-bondinteractions,the lower configuration
will betheonewith largerbondangles.Bondingto thelobeleadsto planarCH� , with
120� bondangles,whereasbondingto the 	�� orbital leadsto two 90� bondangles.
Thus,the lowestenergy configurationof CH� is planar, whereasSiH� wasfound to
bepyramidal. Becauseof theability of

�y� h
CH� to bondanH to eitherthe lobeor 	

orbital, thefirst constantfor pyramidaldistortionof CH� is quitesmall.

4.3 Ethylene

VB theoryallowsusto startwith two methyleneradicals,CH� , in thegroundstate,and
forming ethylene,H � C� CH� , we canform botha sigmabondanda pi bond,leading
to theplanarmoleculeethylenemoleculeshown in Figure18.

In the triplet stateof CH� , the HCH bondangleis 132.3� , but forming a bondto
thecarbonshoulddecreasethis angle,becauseof Pauli repulsiondueto thenew bond
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Figure19: Twistedethylene,whereonly a � bondmaybeformed.

pair. Thus,in CH� thebondangleis decreasedto 120� andin ethylenetheHCH bond
angleis decreasedfurtherto 117.6� .

Considernow thecasewheretheplaneof onemethylenegroupis rotatedaboutthe
CC axis by an angleof 90� with respectto the other. The structureof the resulting
moleculeis shown in Figure19. Hereonly a sigmabondis formed. Thenonbonding
orbitals � ! and � 3 canbecombinedinto singletandtriplet states.Thesingletstateis
usuallyreferredto as

#
, for normalor groundstate,andthetriplet stateis referredto

as @ . Basedsolely on Hund’s rule, we would expectthe @ stateto be slightly lower
thanthe

#
statefor thetwistedgeometry. However, sincetheseorbitalsarelocalized

ondifferentcenters,theenergy splittingis quitesmall,approximately1–2kcal. In fact,
othersmalleffectsleadto the

#
stateat90� beingabout1 kcalbelow the @ state.

Comparisonof the energiesof twistedandplanarethyleneleadsto the resultsin
Figure20. Thesingletstateprefersplanargeometrysincetheoverlapof the � ! and � 3
orbitalsleadsto a strongpi bond.However, for thetriplet state,the � ! and � 3 orbitals
mustbeorthogonalizedto eachother, andthisstateprefersthe90� twistedgeometry.

According to Figure20 the energy to twist the
#

stateof ethyleneby 90� is 65
kcal,breakingthepi bond.Thisbarrierhasbeenobservedexperimentallyfrom studies
of thekineticsfor cis-transisomerizationdi-deuteratedethylene.As themoleculesis
rotated,the strengthof the pi bond is weakened,and the CC bond length increases.
Thus,for the

#
state� B,B � � : Z[� Å at � �$S � , and � B,B � � : X S Å at � �$�;S � .

In the @ state,the optimumgeometryis twisted, � ���;S � , sincetriplet pairingof
the orbitalsprefersthe 	� orbitals to not overlap. As the moleculeis twistedtoward
theplanargeometrythebondlengthincreasesfrom CC = 1.50Å at � �v�FS � to CC =
1.57Å at � ��S � , andtheenergy barrieris 25 kcal. Note that in Figure20 we show
the @ to

#
energy separationat � �&S , usingthegroundstategeometry;theadiabatic

excitationenergy for � �xS � is 91 kcal.
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Figure20: Energy profile for thesinglet
#

state,andtriplet @ state,of ethylene,asthe
moleculeis twistedabouttheC-Cbond.
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